In the evolution of the digestive system of the mammal, the gastric mechanism appears to be the final and most recent addition to the alimentary armamentarium. It is found in all mammals and nearly all vertebrates. Its reported occurrence in lower animals is rare and scattered, perhaps even open to serious question.
rather than a secreted protease. It evidently corresponds to the autolytic proteases of mammalian tissues, at least superficially.
Until the field of digestive mechanisms in lower animals has been again surveyed in the light of our newer knowledge, it is not possible to evaluate satisfactorily the early reports of pepsin in lower forms. It is probable that peptic enzymes have themselves undergone evolution (in the same way that the hematin-histone complex of blood and tissue has) and are represented by a series of proteases acting best at increasing H-ion concentrations, with mammalian pepsin standing as the culminating example, active in high acidity, and strikingly resistant to acid. In this paper we shall limit the term "pepsin" to this familiar vertebrate type of protease only.
Gastric digestion is characterized by the presence of pepsin, hydrochloric acid to give an effective medium for this enzyme's activity, and a sphincter-guarded pouch or stomach in which this acidity may be secured and maintained. Its obvious value to the organism lies in the arrangement for preliminary cleavage of proteins into a form which can then be very rapidly disintegrated into amino acids in the intestine. It makes available some of the scleroproteins, like collagen, which trypsin does not attack readily. Its action is strictly limited, leaving polypeptide fragments, or peptones, which it cannot cleave further. It partiallv sterilizes the ingested foodstuffs and so is believed to lessen undue, or pathological infection of the intestinal contents. In a considerable number of otherwise fairly normal men, however, there is no peptic digestion because of the failure to secrete HCI.
The tryptic type of digestive mechanism appears to be the more primitive, and in the higher vertebrates it is fundamental. It is found very widely distributed among the lower animals and is present in all vertebrates. It is characterized by a tryptic group of enzymes, active over a rather wide reaction range, but most effective in alkaline fluids of pH 8±. Other enzymes regularly accompany trypsin-a lipase, amylase, erepsin, and disaccharide-splitting enzymes. The tryptic-ereptic complex of the intestine cleaves most native proteins and their primary fragments as well, yielding eventually amino acids. In a large number of lower animals this is the only mechanism.* * Therc arc other types of digestive mechanism wvhich are perhaps even more primitive. Digestion in certain Lamellibranchs has becn shown by Yonge64 '65, 66 to be accomplished by phagocytosis. The only cxtracellular enzyme secreted is an amylase, present in the crystalline style. The fine food particles, swept into the stomach and gut, are picked up by phagocytic cells in the walls and digestive diverticulae, and digested within these cells.
In his studics of the digestive system of the cockroach Abbott' found the secretion poured into the midgut, stomach, and caeca to be slightly acidpH 6.4-and rich in the enzymes amylase, lipase, sucrase, maltase, and trypsin. The lattcr was identified both by the solution of coagulated egg albumin in Metts tubes, and by the production of reactive tyrosine (Folin and Denis reagent) at a pH of 7.5. This characterization is not complete, since primary cleavages only would have given these same results, but as most of the identifications of trypsin have been made on a similar basis we may assume that this enzyme is correctly named.
In the common cephalopod Sepia of the Atlantic coast, the digestive fluid is alkaline, and contains an active tryptic type of enzyme.
In the tunicate Ciona, Yonge6' reports a protease acting in neutral and alkaline media, producing pcptides, but no free amino acids in 14 days. This is evidently not an enzyme complex to be identified as trypsin of the mammalian type. It apparently corresponds to the tryptic proteinase factor of pancreatic juice, separated by Waldschmidt-Leitz and his co-workers53.
Yonge"2, in his study of the Norwegian lobster, found a powerful protease in the secretion and extracts of the hepatopancreas which acts best in alkaline media (N/20 Na2CO,) and is inhibited by acid. Digestion of native protein resulted in free amino acids which were crystallized out.
Without multiplying examples it is clear that the tryptic type of digestion is the one widely distributed among the lower animal forms. The essential difference between it and the peptic type lies in the fact that the tryptic proteases attack the protein anion, while the peptic can attack only the protein cation.
A gastric mechanism is found in most vertebrates. In some of the fishes it appears to be only partially differentiated, while in the carp there is no evidence of a gastric mechanism, as was shown by Kenyon32. Babkin4 has recently shown that Fundulus heteroclitus also has no stomach and no gastric digestion occurs in this fish. In a general way, the anatomical development of a true stomach with its typical glands seems to be a very fair indication of the degree of development of an effective gastric mechanism in the vertebrate. In our own studies, fish stomachs frequently give evidence of regurgitation of intestinal contents, the reaction neutral or alkaline, and trypsin present. It is probable that both peptic and tryptic types of digestion go on alternately in the stomach normally, and the less sharp the differentiation of function and anatomical arrangement for maintaining the isolation of the stomach contents, the more easily thie two processes may succeed each other in this part of the alimentary tract.* There is evidence that the same alternation takes place frequently in higher mammals and in man.
From the embryological standpoint the gastric mechanism is also found to be a late and final addition to the digestive system. Intestinal and pancreatic enzymes may be recognized early. In the stomach mucosa there is no trace of pepsin until the embryo is nearly at term. Mendel and Leavenworth40 showed this to be true in the case of fetal pigs, and we have repeatedly confirmed the observation. In cat, rabbit, and dog embryos pepsin does not appear till close to the end of gestation, and then in traces only, increasing slowly after birth till eventually adult concentrations are attained.
It is well known that the human gastric juice is weak in both pepsin and HCI at birth, and that over a period of several years it continues to increase as an effective digestive mechanism. During the period of early infancy and rapid development, the more primitive intestinal mechanism must accomplish most of the digestive process unaided. Gradually the gastric mechanism is superimposed upon it. With low acidity, and easy reversal of the peristaltic waves in infancy, intestinal juices may frequently be present in the stomach, and typical intestinal digestion take place there. As development proceeds the differentiation of the two mechanisms becomes more perfect, and the sphincter gate tends more and more to block off the stomach from the rest of the intestine. Even in adults, however, there is evidence to show that intestinal juices are frequently regurgitated into the stomach. Boldyreff7 believed the regulation of gastric acidity was accomplished in just this way, and his hypothesis has been confirmed by others, as will be presented later.
In the following pages we shall attempt to review some of the data which relate to the characteristic factors of gastric juice and gastric function. * It is difficult to interpret the results of this type of study since there is always the possibility that regurgitation has resulted from excitement or death. For example, the cod has a well-developed stomach anatomically, and pepsin can be extracted from the gastric mucosa. But a large majority of cod taken by hand-line and examined at once, are found to show an alkaline-rcacting fluid in the stomach, and intestinal enzymes present. In the struggles incident to capture there has been sphincter release and extensive regurgitation. On the other hand, in several species of shark examined immediately on capture, the stomach contents have always been strongly acid and pepsin present. The gastric mechanism in the shark appears to be almost as highly developed as in the mammal, and its enzyme comparable in potency also. Even in the excitement and fatigue of capture there was no evidence of sphincter release at the pylorus, and no regurgitation from the intestine.
Structure. Our knowledge of the microscopical structures of the stomach dates back to Heidenhain28. He described accurately the gastric glands and the types of cell present. The "hauptzellen", or chief cells, of the secreting tubule he associated with the secretion of pepsin. If a section of the mucosa be covered with dilute HCl on a warm stage, the chief cells are found to disintegrate rapidly and go into solution. The "belegzellen", or parietal cells, swell but do not dissolve. This is a crucial experiment and leaves small room to doubt that the chief cells contain the precursor of pepsin while the parietal cells do not. The further conclusion drawn by Heidenhain, that the parietal cells secrete HCl is generally accepted by histologists and physiologists alike. The evidence, however, is not nearly so clean-cut, and indeed has been vigorously disputed. In spite of the improved technic of vital staining and histological preparation, the original experiments of Claude Bernard' and his interpretation of his findings still stands-not unquestioned to be sure, but also fairly well confirmed. Bernard injected animals with a solution of iron ammonium citrate, and at the same time with ferrocyanide of potassium. In the presence of free mineral acid these salts combine to form Prussian blue. In his animals, killed three-quarters of an hour after injection, the gastric contents were deeply stained as far as the foveolae, or the mouths of the gastric tubular glands. The lumen of the tubules, and the cells lining them, were quite free from the blue stain. Bernard concluded that there was no free acid in the cells or in the secretion, but that it developed in the mouth of the tubules and in the lumen of the stomach.
Numerous A. B. Macallum", using a silver nitrate-nitric acid mixture, stained gastric mucosa sections, washed out the excess reagent and developed the slides in strong light. Where chlorides were abundant, silver chloride was deposited and could later be blackened by exposure. The parietal cells he found to be rich in chlorides, while the chief cells were not. This added weight to the theory that the parietal cells secrete HCl. Even this dean-cut experiment has been challenged. Lopez-Suarez"' repeated it, using the mixture described by Macallum and the same technic. His results were directly contrary to those of Macallum. Harvey and Bensley27, employing a number of indicator dyes as vital stains, showed that an alkaline reaction prevailed in all the mucosa cells and in the secretion in the lower levels of the tubules. Approaching the foveolae this secretion changed to neutral and finally at the mouth of the tubule became strongly acid. Collip"2 found evidence of acidity in the tubules and in canaliculi of the parietal cells, but the reaction was much less acid than pure gastric juice.
To draw any conclusions from such conflicting observations is out of the question. It seems fair, however, to assume with Bernard, that no strong acidity exists until the secretion reaches the mouth of the tubule. There, all investigators agree the reaction is strongly acid. The secreting cells (perhaps the parietal cells) thus appear to produce a chlorine compound which hydrolyzes as it reaches the mouth of the tubule, with the liberation of HCI, sufficient to produce a pH of about 0.9.
Mechanism of IHCl Formation. Hydrochloric acid was first identified by Prout" in 1824. The question of how free mineral acid can be produced in a tissue whose cells are normally alkaline and bathed with alkaline blood and lymph has interested chemists for a hundred years. A few of the hypotheses may be briefly summarized.
Graham23 first showed that if KHS04 solution was dialyzed against H20, the dialysate grew more acid, the contents of the dialyzing bag less so. The reaction can be expressed as indicated below:
In Graham's terminology the acid was more "crystalloidal" in its properties, and so diffused more rapidly; the salt was more "colloidal" and so diffused less rapidly.
Horsford30 extended this observation, and showed that C'aHPO4 subjected to dialysis, gave an acid diffusate, while within the dialyzing cell the reaction grew alkaline and Ca3(PO4)2 precipitated. He believed such a membrane separation could account for the secretion of acid into the stomach.
Schulz49 suggested that the decomposition of base-chlorides by H2CO3 was involved in the secretion of gastric juice. The type reaction: NaCl + H2CO5 = HCI + NaHCOs. A selective removal of HC1 into the stomach by diffusion, and of NaHCOs into blood and lymph would thus account for the HC1 and at the same time the "alkaline tide". T. Osborne44 found that edestin dispersed in NaCl and precipitated by bubbling CO2 through the mixture, carried down HCI, combined as edestin hydrochloride, leaving an equivalent concentration of NaHCO3 in solution. This reaction seems to offer a mechanism for separating HCI from NaCl, explaining the alkaline tide by absorption of the NaHCO3 into the blood. The protein-HC1 may subsequently hydrolyze and liberate the HCl, provided the protein is in some way disposed of.
The reaction NaH2PO4 + NaCl = HCl + Na2HPO4 is a further possibility. Diffusion of the HC1 into the lumen of the stomach, together with a second reaction Na2HPO4 + H2CO3 -NaH2PO4 + NaHCO3 and the loss of the latter component to the blood appears to be a possible mechanism.
A. P. Mathews38 believes that secretion of NH4C1 followed by selective absorption of the NH3 or NH40H may be the mechanism involved. In favor of this hypothesis is the striking concentration of NH4 salts in gastric mucosa, as shown by Nencki, Pawlow and Zaleski4l, whose figures are quoted in the table below: 
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Donnan15 studied the effects on membrane equilibria where one ion was non-diffusible, such as protein. Such a mechanism, in conjunction with the reactions formulated above for producing HCI from NaCl, he believed adequate to account for the concentration of HCI found in pure gastric juice.
Still another mechanism has been studied by Hanke24' 25 who finds a considerable fraction of the chlorine in gastric mucosa and in other tissues to be in organic combination, capable of hydrolysis, perhaps facilitated by an enzyme which he obtains from gastric mucosa. In this decomposition, HCl and an organic R-OH compound result. The latter is neutral, and may be absorbed from the stomach or from the intestine. The synthesis of the organic chloroester might take place anywhere, according to Hanke, and would involve a reaction of the type: NaCl + R-OH + H2CO3= R-CI + NaHCO3 + H20. A later study by Hanke26 establishes the fact, however, that during active gastric secretion gastric venous blood is more alkaline than the arterial blood, and to an amount roughly equivalent to the acid set free. This would seem to localize the hypothetical ester synthesis in the gastric tissue also. Inasmuch as the preliminary report of Hanke's work on this interesting possibility has not been followed by a more detailed report, we shall have to reserve judgment on its validity.
It is not possible as yet to describe in detail the mechanism of HCl secretion. All of the mechanisms suggested depend upon selective membrane properties, which we recognize as characteristic of many living membranes, in contrast to the non-living. Such membrane characteristics are an essential part of every mechanism thus far suggested for gastric secretion, but whether it is dependent upon the orientation of surface molecules, or on some other physical property maintained by the living cell and lost at death, we are not able to say. There can be no doubt that the blood base-chlorides are the raw materials for gastric HCl, and that a mechanism exists for converting these simple chlorides into HCR, which diffuses outward into the stomach (free or combined) while the basic component diffuses in the opposite direction into the blood-stream. The phenomenon of "alkaline tide" is as authentic as is the presence of HC1 in gastric juice.
Incidentally, it is interesting to speculate on the development in the higher organism of a gastric mechanism to maintain acid-base equilibrium. Secretion of alkaline intestinal juices into the lumen of the gut sets up a corresponding acidotic tendency in the blood and the organism as a whole. The evolution of a gastric mechanism provides not only two hydrolytic attacks on protein food materials, the one supplementing the other, but it also provides automatically a "take up" device for balancing the base loss at one point along the alimentary tract by an acid loss at another. The fact that the two are not exactly synchronized accounts for the alkaline tide. Because they are synchronized as well as they are prevents a much wider fluctuation in acid-base equilibrium in the body. Pawlow" showed that pancreatic juice begins to flow, through nervous reflex, at the same time gastric secretion begins. Its peak, however, is reached later than the gastric peak. The two secretions roughly balance each other, and the alkaline tide is determined by the difference in time at which gastric and pancreatic secretions reach their heights.
Regulation of Acidity. Gastric juice as secreted possesses a relatively high aCidity. A pH of 1.08 to 0.9 is normal in human juice. A titration figure of 0.45 to 0.60 per cent has been confirmed by a large number of observers7. While subject to some variations, acid is secreted at a remarkably constant figure, but even more constant is the total chloride content, which is in definite osmotic equilibrium with the blood29.
The fact that HCl as secreted is so much more concentrated (0.6%) than that found in the stomach contents (0.15-0.25%o) has led to many assumptions regarding a regulatory mechanism which automatically reduces acidity to this common and rather uniform level. This reduction takes place when a strong acid is introduced as well as when it is secreted. Boldyreff found evidence of intestinal regurgitation, neutralizing part of the acidity, reducing it to a level non-irritating to the intestine but satisfactory for proteolysis. Other students37'
" " find less evidence of intestinal regurgitation and believe the stomach itself secretes diluting and neutralizing fluids which are automatically induced by the high acidity, until its H-ion concentration is reduced to the normal level. Saliva and the food play a diluting and neutralizing function. It is probable that all of these processes regularly contribute to reduce acidity. The evidence for pancreatic regurgitation has grown much stronger through the work of Rehfuss, Bergeim and Hawk47 and others35'3, who found trypsin, lipase, and bile in the stomach contents frequently and recurring rhythmically as reverse peristaltic waves swept up from the intestine. In some instances the character of the digestive process in the stomach was temporarily reversed to the intestinal type. In achlorhydria, digestion in the stomach was found to be wholly intes-tinal in character. Apperly' and his co-workers also recognized pancreatic enzymes in the stomach from time to time, but do not consider this the only regulatory secretion for reduction of acid. Indeed, it seems probable that many are involved.
One of the most illuminating conitributions in this field of study is that by Gamble20 21, 22 and his co-workers. The close relationship between the base-acid-salt structure of the digestive juices and that of blood is brought out particularly clearly by these authors. In gastric juice the Cl-ion content is almost a strict constant and equivalent to the base-ion components of blood-plasma. The TX ion and base ions of the gastric juice together are equivalent to the Cl component and vary somewhat in their proportions. In pancreatic juice on the other hand the base component is fixed and in concentration almost exactly equal to that in plasma. The balancing acid radicals are divided between a relatively small chloride and a relatively large -HCO3 component. In both these secretions, as also in hepatic bile, the concentration of electrolyte is almost identical and the same as the electrolyte concentration in blood-serum. Their differences reside in the differing proportions of the various ions present.
Lipase. WVhile authorities differ in regard to a gastric lipase, the weight of evidence appears to support those who believe it is present. Practically, whether secreted in the stomach or derived from pancreatic juice regurgitated, it appears regularly present in man and gives rise to the characteristic butyric acid odor of vomitus following a meal containing butter. As a digestive enzyme in the stomach it probably has a very limited function and importance.
Pepsin. In spite of the fact that pepsin has long been studied, we still know very little about it. Pepsin may be defined as a protease, specific in its action, for which native proteins and their larger fragments are the only known substrata. It reacts most effectively at a pH of about 1.5. The nature of the linkage which it opens is not yet certainly determined. No synthetic peptides have been found labile to pepsin, and no other linkages (i.e., ester bonds) have been shown split by it. Recently it has been prepared in crystal form by Northrop43. The crystalline pepsin is protein in character, but is less active than some other types of highly purified pepsin. Northrop postulates an active grouping combined with a protein or peptide component. The latter may serve to stabilize the active structure or perhaps to orientate the molecule. Removal of this stabilizing group leads to loss of activity, due perhaps to a tautomeric rearrangement. The question, "What is pepsin?" must remain for the present unanswered.
In attempting to answer the question, "What does pepsin do?" we find ourselves passing quickly from fact to hypothesis. It is well known that pepsin in adequate concentration of the H ion effects primary cleavages in the native protein. Solubility and dispersion increase; molecular weight (or aggregation) decreases, and with it precipitability by the usual protein precipitating reagents. Carboxyl and amino groups increase as measured by Sorensen titrations and Van Slyke amino determinations. Free amino acids are produced in very insignificant quantity. The number of cleavages effected by pepsin are relatively few (20 per cent, according to Frankel"9) . The number of cleavages appears to be characteristic for each protein, but the range of difference is not a wide one. There is some evidence that the presence of pepsin merely hastens cleavages effected by the acid alone. We may assume that pepsin under the usual acid condition opens certain specific and particularly labile groups, producing fairly large peptides which are resistant to its further action. This, and the fact that pepsin has never been observed to open a known peptide link, has led to the assumption that there are present in the native protein, certain linkages other than the peptide type, which are labile to pepsin. Once these are opened, the ereptic peptidases can complete the fragmentation.* Until these initial openings are made the protein molecule is resistant to erepsin. Based on this assumption have developed the diketopiperazines of Abderhalden2, the hypothetical structures of Troensgaard52 and others, as possible groups present in the native proteins. Suffice it to say, there is no experimental evidence extant that pepsin can fragment these structures. Hunter"1 also believes the evidence is sufficient to require other structures in addition to peptide links in the protein molecule. There can be no doubt that any information as to what pepsin does will at the same time clear up some important gaps in our information on protein structure.
On the opposite side of this controversy stands the work of Waldschmidt-Leitz and his co-workers",' in establishing the equivalence of -COOH and -NH2 groups set free by peptic hydrolysis. The fact that they appear throughout the course of peptic digestion in the ratio of 1: 1 is a strong argument in favor of specific peptide links fragile to pepsin, to acid, and to trypsin, but resistant to erepsin. Northrop's work42 confirms this relationship, and it is possible to erect an hypothesis of protein structure and peptic activity which * Erepsin has been shown to be a mixture of at least two enzymes. One is a polypeptidase, the other a dipeptidase. Both initiate cleavage from the free amino end of the chain". satisfactorily meets these facts. We may assume, for example, that instead of being a long-chain peptide, the protein may consist of many such long chains looped into large ring structures, through internal-salt formation, the free -COOH and -NH2 groups of which are present only on side chains. Such a structure will possess certain particularly fragile junctions which trypsin, pepsin, and acid easily break. These links are not attacked by erepsin and so no fragmentation occurs in its presence. Breaking these links opens up the molecule into typical long-chain peptides, which both trypsin and erepsin can continue to fragment. Trypsin, however, is somewhat specific, and there are several known peptides which it cannot convert into amino acids.* Also there are certain native proteins of the skeletal group, notably collagen, which are not digested by trypsin, but which are attacked by pepsin. We may assume in this case that the acid-protein salt or its ion is more easily fragmented than the base-protein salt, and pepsin is thus more effective than trypsin. Active trypsin contains a peptidase, but it cannot open all peptide links. It has never been found to open any links that were not of the peptide type. Erepsin can be characterized in precisely the same words. It seems to us probable that the same characterization will also apply to pepsin. Erepsin is effective in cleaving the small peptide molecules; trypsin is effective in cleaving some small peptides and most native proteins; pepsin is effective on all digestible native proteins, but has no effect on the smaller fragments. All three enzymes liberate -COOH and -NH2 groups in the ratio of 1 acidity by using neutral red, and ending with phenolphthalein. Waldschmidt-Leitz titrates in strong alcohol, using thymol blue"8. The weight of evidence, therefore, appears to us to be definitely in favor of the view that pepsin opens specific peptide links.
One of the fragile bonds in the protein molecule which pepsin readily breaks involves tyrosine. Casein itself, for example, reacts with the Folin-Looney"8 tyrosine reagent so faintly that the amount of reactive tyrosine present is too small to estimate. When, however, the casein is subjected to peptic hydrolysis the increase in the blue color develops at an almost explosive rate5". Reactive tyrosine is also rapidly unmasked by trypsin, by the autolytic proteases of the tissues8, and by boiling acid. The nature of the process by which tyrosine becomes reactive to the reagent used is not known. It does not indicate free tyrosine in this case. It may be assumed for the present, and until more is known about the type of phenol derivatives that are not reactive, that tyrosine on the end of a peptide chain is reactive, while tyrosine linked from both sides in a peptide is masked. Within a few hours a peptic digest may liberate in reactive form 50 per cent of the total tyrosine from casein, as shown in the curve below. The curves of nitrogen soluble in 7.5 per cent trichloracetic acid, and of tyrosine run so dosely parallel that the solubilizing of casein appears to be effected through this cleavage alone. This, however, is probably not the case. The extent of the rise in the S'orensen and Van Slyke figures indicates that other bonds are also being broken at the same rapid rate. A typical digest showing the percentages liberated in terms of a total hydrolysis by boiling acid. After five days the digestion is due mainly to the acidity.
Pepsin also acts very rapidly on gelatin. Its viscosity decreases at once, and about 17 per cent of the total peptide bonds are fragmented by pepsin". Tyrosine is absent in gelatin, or present in traces only, so that other easily broken links must exist. We have, therefore, studied the unmasking of arginine by pepsin, since the work of Hunter3' has shown that it is very rapidly liberated in a tryptic digest of gelatin. In our experiments5' we find that only about 15 per cent of the arginine in gelatin is rapidly uncovered, and thereafter the reaction proceeds at a rate so slow as to suggest that the acid alone is responsible.
Hunter found 60 per cent of the total arginine set free by trypsin. In gelatin, therefore, we have evidence that 15 per cent of the total arginine is labile to pepsin; 60 per cent is labile to trypsin (whether the 15 is part of the 60 per cent we have yet to determine, but it probably is); and the remaining 40 per cent is resistant to these enzymes, but labile to boiling acid.
Cystine is liberated very slowly in a peptic digest. The small amount present in casein, and the low color value makes a quantitative study of the early phases of digestion difficult. There is no sudden uncovering of cystine, and therefore no evidence that it contributes specific fragility to the native protein molecule. Only a small fraction of the total cystine becomes reactive in a peptic digest.
Renrnin. The identity of pepsin and rennin still remains the subject of controversy. Whether a genuine cleavage of the caseinogen of milk takes place in rennin curdling has even been questioned. The weight of evidence, however, appears to us to confirm the hypothesis that rennin is a protease, and we submit some data pertinent to this problem in a following paragraph.
Milk is curdled by a great variety of proteoclastic enzymes, of the type which produce primary cleavages in native proteins. Pepsin, trypsin, the autolytic proteases of tissues, and many derived from plants coagulate milk. (Erepsin was early reported to effect this same reaction, and the statement still appears in the texts. From the work of Waldschmidt-Leitz and Sch'afner55 we must assume this to be an error based on the inadequate methods of isolating the enzyme used in all previous work.)
The generally accepted rennitic reaction involves a primary cleavage into a "paracasein" fragment and some smaller peptides which appear in the whey. Precipitation or gellation takes place only when the Ca ions are of sufficient concentration. From the digestive standpoint, the curdling of milk in the stomach is the initial step in its hydrolysis. It is of teleological importance in tending to prevent the rapid passage of the fluid milk into the intestine without adequate preliminary exposure to pepsin and HCR.
The curdling of milk is one of the most delicate tests we have for primary cleavage. Used to detect commercial scale pepsin in neutral solution, we have found it to be ten to a hundred times more delicate than the viscosity changes in acid-gelatin, and the primary cleavages of gelatin take place very rapidly and easily indeed. Scale pepsin prepared from hog stomachs is said to be free from rennin, or at least very poor in that enzyme, but it curdles milk. (We have not yet tested crystalline pepsin in this reaction.) Commercial rennin regularly shows some peptic activity when tested with acid gelatin. In general the two enzymes are associated and hard to separate. It is difficult to escape the conviction that the potency of calf stomach extracts in curdling milk is out of all proportion to the amount of pepsin present. The extracts of embryo pig stomachs show milk curdling activity long before they give decisive evidence of pepsin. "Rennin" may very well be any primary protease capable of initiating cleavage in this peculiarly unstable protein caseinogen. It may be pepsin in one experiment, trypsin in another, and the tissue proteases in another. And in addition there may also be present in mammalian gastric juice, particularly in the very young, an enzyme capable of effecting this same cleavage yet distinct from the enzymes just named. In spite of statements and data which tend to support the idea that rennin and pepsin are identical' there is much equally authentic evidence to the contrary. It seems quite clear that this reaction is too general to characterize alone any one enzyme as rennin. And it is equally clear that the finding of milk-curdling enzymes in mucosa extracts is not a convincing proof that the same enzyme is present in gastric juice. Until such an enzyme is obtained from pure gastric juice, separated, and adequately characterized as either identical or distinct from neutral pepsin, this problem will not be darified.
The data relating to rennin and pepsin as they appear in the developing mammalian embryo suggest the following hypothesis for further study. Rennin appears early in the embryo gastric mucosa. Pepsin (as indicated by the decreasing viscosity of an add-gelatin substrate) appears late or postpartum, gradually increasing in potency till the adult stage is reached. Both enzymes are commonly associated, difficult to separate, and they are both subject to variation more or less in parallel as the result of chemical treatment60. Both enzymes contain active proteolytic groups associated with some protective colloidal protein. Rennin may be considered as the primitive, early form of enzyme elaborated by young or embryonic gastric cells. As the mammal continues its development and differentiation proceeds, the active group of the enzyme becomes more and more predominantly peptic in character. In the adult pig, pepsin may be the only form present, or at least the dominant form of the complex. Il the suckling calf and in the new-born human, rennin predominates at first and is gradually replaced by pepsin. The two enzymes therefore may prove to be infantile and adult forms of a developing enzyme-complex, itself undergoing changes with the growth and differentiation of the cells which elaborate it.* In the curves below are shown data obtained by curdling a standard calcified milk with highly active commercial preparations of pepsin, trypsin, and rennin. Dilute rennin solution was added to milk, mechanically stirred throughout and kept at 250 C. Samples, removed at once and from time to time later, were precipitated with equal volumes of 15 per cent trichloracetic acid. Soluble nitrogen and Van Slyke determinations were made on the filtrates. A sample of the digest was also followed in an Ostwald viscosimeter at 25°C. No changes in viscosity occur for a considerable period, during which, however, the soluble N is steadily and rapidly increasing. Finally the viscosity begins to increase and rises rapidly to the gellation point, the soluble N reaching a constant level at about the same time. Curves of neutral pepsin and rennin appear to be identical. With trypsin the soluble N continues to increase as would be expected, and eventually the gel softens and begins to flow again in the viscosity apparatus as the paracasein curd digests. There is evidence of a particularly rapid immediate cleavage of labile bonds, followed by a somewhat slower rise of soluble N, which again suggests a small number of exceptionally fragile bonds broken at once. *The suggestion that an enzymic entity, protein in character, may undergo gradual change in composition and character as the tissue cells undergo change, is not a ncw one. The life-long work of Kossel'8 and his pupils showed conclusively that the protamines undergo such stepwise transformations as cell-ripening and transformations take place. For an adequate review of this dynamic conception which Kossel held, Schenk's paper48 on the "Genealogy of Proteins" may be referred to. Z40' 400' s5O' For thirty minutes the viscosity of the milk was constant, then rapidly rose to gellation. Soluble nitrogen increased steadily for about two hours and remained constant thereafter. Any change in the amino nitrogen was too small to detect. Samples were precipitated with an equal volume of 15 per cent trichloracetic acid.
Neutral pepsin gave the same result.
The nitrogen curves show conclusively that a limited cleavage precedes gellation, resulting in some fragments not precipitated by trichloracetic acid. Incidentally, the tyrosine color-reaction definitely increases, but the colors are so weak that we have not attempted to measure them. This again indicates that some of these exceptionally fragile bonds in casein are associated with tyrosine.
Aside from the milk-curdling function of rennin, it has been suggested by Castle and his co-workers' 10, 11 that it perhaps plays an important role in the prevention of pernicious anemia. The interrelation of normal gastric secretion and function with the maturation of erythocytes in the red marrow constitutes one of the most interesting and active fields of study at the present time. It would be quite beyond the scope of this article to summarize more than briefly some of the results recently obtained in this field.
It has been shown that in pernicious anemia there is a defect in gastric secretion. Whether causal, or a result of the disease, the achlorhydria of pernicious anemia is practically a constant finding together with atrophic changes in the secreting gland tissue. Liver and kidney extracts have been signally effective in providing the missing factor, thus allowing the metabolism of red marrow to proceed normally. Gastric mucosa is also effective. Beef muscle alone, HCI, pepsin, or normal gastric juice has no effect whatever. Muscle tissue incubated with normal gastric juice, whether acid or neutral, is effective in causing remissions. Muscle tissue digested with artificial scale-pepsin is without effect. If gastric juice is heated it loses its active intrinsic factor, and in contact with muscle produces no results. The evidence is strong therefore that pernicious anemia is a deficiency disease. Normal digestion of tissue proteins (casein was not found effective) produces a factor required in the maturation of erythocytes. This factor results from an enzymic action on the tissue proteins. It is not produced, or if produced is perhaps destroyed again, by commercial pepsin, which is believed to be deficient in rennin. It is produced under just those conditions where rennin or a similar neutral protease might be expected to act.
While it is too early to draw conclusions from these data, it appears certain that in the human at least, gastric digestion is of more significance than merely a device to increase the speed and efficiency of the hydrolysis of proteins to amino acids. This it undoubtedly does, by rapid initial cleavage of the protein cation. The fragments which result in less acid, neutral or alkaline media are converted into the anion, and continue to be broken down in the intestine. The cleavage in pancreatic and intestinal digestion is essentially different from that in the stomach. The actual arrangement of amino acids in the peptide fragments resulting from peptic cleavages is certain to be different from peptides derived by intestinal digestion alone. Furthermore, some intermediate small peptide fragments produced by initial peptic cleavages followed by trypsin, are certain to be of patterns different from similar small peptides derived by tryptic and ereptic action alone on the same protein substrate. Under favorable conditions some of these peptides are absorbed before complete disintegration has occurred. If now we assume that a peptide of specific pattern is required for the proper building of the specific protein human-hemoglobin, or a respiratory enzyme related to it, then it may be understood why such specific peptides are not produced in the pernicious anemia case where no gastric cleavage has taken place, but where digestion is wholly intestinal.
This hypothesis becomes all the more forceful when it is recalled that the liver complex isolated by West58 was much more potent injected than when fed. A peptide fed must run the gauntlet of intestinal enzymes and bacteria, and is for the most part hydrolyzed into its component amino acids. Injected it may all reach the bone marrow unchanged. The fact also that the amino acids obtained by West on cleavage of the active complex are related to, or may be converted into the same pyrrole nucleus that is found in hematin, strengthens the hypothesis still more.
In the limited number of examinations of gastric juice from pernicious anemia cases which we have made, rennin in small amounts has been present. To this extent we are not able to confirm the suggestion made by Castle. The data, however, are not adequate for further discussion of this point.
In the brief survey of gastric digestion here attempted our interest has mainly centered on defining the aspects of the subject which remain still to be solved. If this discussion has succeeded in indicating some of the problems which require further study, and in stimulating research along these lines, it will have fulfilled its purpose.
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